High level ab initio calculations were undertaken on the CH 2 OO anion and neutral species to predict the electron affinity and anion photoelectron spectrum. The electron affinity of CH 2 OO, 0.567 eV, and barrier height for dissociation of CH 2 OO -to O -and CH 2 O, 16.5 kJ mol −1 , are obtained by means of the W3-F12 thermochemical protocol. Two major geometric differences between the anion and neutral, being the dihedral angle of the terminal hydrogen atoms with respect to C−O−O plane, and the O−O bond length, are reflected in the predicted spectrum as pronounced vibrational progressions.
Introduction
Since the breakthrough of this new synthetic approach there has been a burst of activity to characterise the Criegee intermediate by gas-phase IR spectroscopy in the 800 cm −1 to 1500 cm −1 region and determination of the UV absorption cross section and photochemistry. 9, 10 The infrared spectrum was interpreted with the aid of ab initio calculations where three other possible structures for CH 2 O 2 were computed, dioxirane, methylenebis(oxy) (also known as dioxymethane), and formic acid, and compared with the experimental spectrum.
Clearly the best match between experiment and theory was with the Criegee intermediate, thereby providing definitive proof of its synthesis. Lester and co-workers reported the UV absorption of the CH 2 OO biradical in the 320 nm to 350 nm region, assigned to the B ← X transition, 10 where the excited state (B) is purely repulsive along the O−O coordinate. Results from this work are extremely useful, as they identified the signature of the Criegee intermediate that can be applied in future laboratory or field studies.
The Criegee intermediates have received quite a deal of theoretical attention over the years, with the state of play well represented in References [11] , [12] and [13] and references cited therein. Fang et al. studied the potential energy surface of the reaction of CH 2 and O 2 on the singlet and triplet surfaces using CASSCF-type S calculations. 11 Nguyen et al. 12 obtained the heat of formation and ionisation energy of the Criegee intermediate at the CCSD(T)/CBS level using W1 theory.
14 It is worthwhile noting that quite recently, Dyke and co-workers used TDDFT, EOM-CCSD, and CASSCF methods to investigate the first few excited electronic states of the simplest CH 2 OO intermediate.
15
They also predicted the form of the photoelectron spectrum, i.e. cation ← neutral transitions.
In this contribution, evidence for the stability of the CH 2 OO -anion from high level W3-F12 calculations is provided. The anion is stable with respect to both autodetachment to the CH 2 OO neutral and unimolecular dissociation to CH 2 O (formaldehyde) and O -products. We believe that it will be possible to characterise the neutral CH 2 OO, and possibly larger, Criegee intermediates through anion photoelectron spectroscopy; a valuable method for mapping out the vibrational and electronic states of neutral species. These experiments are appealing as mass spectrometry can be used to isolate the target complex out of an ion population prior to spectroscopic interrogation. There has been a large volume of work produced in this area from the groups of Lineberger, Neumark, Bowen, Wang, and Kaya, and Johnson with some representative examples provided in references [16] [17] [18] [19] [20] [21] . Our laboratory has also recently made contributions in this area.
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To the best of the authors' knowledge, there have been no previous computational or experimental investigations of the CH 2 OO -anion. A computational study by Roos and co-workers deals with the dioxyrane, dioxymethane, and the dioxymethane anion, 25 however the dioxymethane species have both oxygen atoms bound to carbon and not to each other, while for dioxyrane there is an O−O bond. There has been experimental work undertaken on very similar species, namely the alkyl peroxides CH 3 OO -and CH 3 CH 2 OO -. Blanksby et al. produced negative ion photoelectron spectra and determined the adiabatic electron affinities of CH 3 OO and CH 3 CH 2 OO to be 1.161(5) eV and 1.154(4) eV respectively. 26 The spectrum of the CH 3 OO -anion showed resolved vibrational progressions in the O−O stretching and H 3 C−O−O bending modes. The spectrum of the CH 3 CH 2 OO -also showed well resolved vibrational progressions. Assignment of one progression to the O−O stretch was clear, while a second progression was assigned to a bending mode; however, it was unclear whether it was the C−C−O or C−O−O mode as these modes are predicted to lie very close in frequency. With regard to the alkyl peroxy systems it would be remiss not to make reference to the work undertaken by Xu et al. 27 They performed an extensive computational study on the R−OO and R−OO -anion species with R = CH 3 , C 2 H 5 , n-C 3 H 7 , n-C 4 H 9 , n-C 5 H 11 , i-C 3 H 7 , and t-C 4 H 9 . They predicted the structures, vibrational frequencies, and electron affinities of the neutral species using seven different density functional or hybrid density functional methods.
In the present Letter we obtain the heat of formation and electron affinity of the Criegee intermediate using the recently developed W3-F12 theory.
28 W3-F12 represents a layered extrapolation to the relativistic, all-electron CCSDT(Q)/CBS energy (complete basis set limit coupled cluster with singles, doubles, triples, and quasiperturbative quadruple excitations) and shows excellent performance for systems containing first-row elements (and H). Specifically, over the 97 first-row systems in the W4-11 dataset, 29 W3-F12 attains a root mean square deviation (RMSD) of only 0.88 kJ mol −1 against all-electron, relativistic reference atomisation energies obtained close to the full configuration interaction (FCI) infinite basis set limit. In addition to the heats of formation and electron affinity of the CH 2 OO species, we obtain the barrier height and energy for the CH 2 OO -CH 2 O+O -reaction using W3-F12 theory.
Computational Methods
The geometries and harmonic frequencies of the anion and neutral CH 2 OO species were obtained at the CCSD(T)/A VQZ level of theory (where A VnZ indicates the combination of Dunning's aug-cc-pVnZ basis set on carbon and oxygen and the standard cc-pVnZ basis set on hydrogen). 30, 31 The geometry and harmonic frequencies for the transition structure of the CH 2 OO -CH 2 O + O -reaction are obtained at the CCSD(T)/A VTZ level of theory. The optimized geometries for all the species considered in the present work are given as Cartesian coordinate form in Table S1 of the supporting information. All the high-level ab initio calculations were performed using the Molpro program suite, 32 while all the density functional theory (DFT) calculations were carried out with the Gaussian 09 program suite.
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The total atomisation energies at the bottom of the well (TAE e ) of the CH 2 OO and CH 2 OO -species are obtained by means of the W3-F12 procedure. 28 W3-F12 theory combines F12 methods 34, 35 with extrapolation techniques in order to reproduce the CCSDT(Q) basis set limit energy. The CCSD(T)/CBS energy is obtained from the W2-F12 theory and the post-CCSD(T) contributions are obtained from W3.2 theory.
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In brief, the Hartree-Fock component is calculated with the VQZ-F12 basis set (VnZ-F12 denotes the cc-pVnZ-F12 basis sets of Peterson et al. which were developed for explicitly correlated calculations). 37 Note that the complementary auxiliary basis (CABS) singles correction is included in the SCF energy. [38] [39] [40] The valence CCSD-F12 correlation energy is extrapolated from the VTZ-F12 and VQZ-F12 basis sets, using the E(L) = E ∞ +A/L α two-point extrapolation formula, with α = 3.67. In all of the explicitly-correlated coupled cluster calculations the diagonal, fixed-amplitude 3C(FIX) ansatz 38, 41, 42 and the CCSDF12b approximation 39, 43 are employed. The quasiperturbative triples, (T), corrections are obtained from standard CCSD(T) calculations (i.e., without inclusion of F12 terms) and scaled by the factor f = 0.987 · E MP2−F12 /E MP2 . This approach has been shown to accelerate the basis set convergence. 28, 43 The higher-order connected triples, T 3 -(T), valence correlation contribution is extrapolated from the cc-pVDZ and cc-pVTZ basis sets using the above two-point extrapolation formula with α= 3, and the parenthetical connected quadruples contribution (CCSDT(Q)-CCSDT) is calculated with the ccpVDZ basis set. 36 The CCSD inner-shell contribution is calculated with the core-valence weighted correlation-consistent A PWCVTZ basis set of Peterson and Dunning, 44 whilst the (T) inner-shell contribution is calculated with the PWCVTZ(no f ) basis set (where A PWCVTZ indicates the combination of the cc-pVTZ basis set on hydrogen and the augcc-pwCVTZ basis set on carbon, and PWCVTZ(no f ) indicates the cc-pwCVTZ basis set without the f functions). 28 The scalar relativistic contribution (in the second-order Douglas-Kroll-Hess approximation 45, 46 ) is obtained as the difference between non-relativistic CCSD(T)/A VDZ and relativistic CCSD(T)/A VDZ-DK calculations (where A VDZ-DK indicates the combination of the cc-pVDZ-DK basis set on H and aug-cc-pVDZ-DK basis set on C and O). 47 The atomic spin-orbit coupling terms are taken from the experimental fine structure, and the diagonal Born-Oppenheimer corrections (DBOC) are calculated at the HF/A VTZ level of theory. The zero-point vibrational energies (ZPVEs) are derived from the harmonic frequencies (calculated at the CCSD(T)/A VQZ level of theory for the CH 2 OO and CH 2 OO -species, and the CCSD(T)/A VTZ level of theory for the CH 2 O· · · O -transition structure). The total atomisation energies at 0 K (TAE 0 ) are converted to a heats of formation at 298 K using the Active Thermochemical Tables (ATcT) 48-50 atomic heats of formation at 0 K (H 216.034 (1) -species are obtained within the ridged rotor harmonic oscillator (RRHO) approximation from B3LYP/A VTZ geometries and harmonic frequencies. [52] [53] [54] Anion photoelectron spectra were simulated by determining the Franck-Condon Factors (FCFs) linking the anion and neutral CH 2 OO species vibrational states. FCFs were calculated using the ezSpectrum 3.0 program which is made freely available by Mozhayskiy and Krylov. 55 The program produces FCFs in either the parallel mode approximation as products of one-dimensional harmonic wavefunctions, or by undertaking Duschinsky rotations of the normal modes between states. Input to the code consists of the output from the ab initio calculations, being geometries, vibrational frequencies, and vibrational normal mode vectors. The predicted stick spectra were convoluted with a Gaussian response function of width 0.002 eV to simulate an experimental spectrum.
Results & Discussion

Geometries and vibrational frequencies
The geometry of the neutral Criegee intermediate is well known from previous high level calculations (see Reference [12] and References cited therein). It has been shown that the C−O and O−O bond lengths are sensitive to the level of theory used is, and it is noted that the values predicted from CCSD(T)/A VQZ calculations are in line with those reported in references [11] and [12] . Our full data set is provided in Table 1 , and a visual comparison of the two species is provided in Figure 1 . We predict values of Table 1 .
The agreement is also very good between our results and those from Fang et al.
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CAS-(8,6)+1+2/cc-pVDZ calculations which result in C−O and O−O bond lengths of 1.280 Å and 1.322 Å respectively. Our CCSD(T)/A VQZ harmonic vibration frequencies are also in good agreement with those reported previously as shown in Table 1 .
To the best of our knowledge, the geometry of the analogous Criegee anion CH 2 OO -and the geometrical parameters (bond lengths r, bond angles θ, and torsional angles φ) at the CCSD(T)/A VQZ level of theory are presented here for the first time. In essence, the structure of the anion is similar to the neutral, as can be seen in Figure 1 , however features longer C−O and O−O bond lengths. The C−O bond length increases by 0.064 Å, while the O-O bond length increases by 0.107 Å. In addition to these two structural differences, the anion species is no longer of C s symmetry as the hydrogen atoms have moved out of the plane defined by the C−O−O atoms. As presented in Table 1 , the H−C−O−O dihedral angles are −17.9
• and −164.8
• for the Criegee anion, whereas in the neutral species the values are 0
• and 180 • . In order to rationalise the differences in anion and neutral geometries we have performed natural bond orbital (NBO) calculations to determine the population of the bonding, anti-bonding, and lone pair natural orbitals. 56 These data, in terms of orbital occupancies, are provided in the supplementary information (Table S4 ). For the anion species increased electron density is predicted in the lone pair orbitals of the carbon, and for the oxygen bound to carbon. The pyramidal nature of the anion complex, compared with the planar neutral, can be rationalised as the population in the carbon lone pair orbital. The NBO calculations also reveal decreased electron density in C−O and O−O bonding orbitals for the anion, leading to the increase in the bond lengths. There is also a marked decrease in the population of the C−O anti-bonding orbital, whereas the O−O anti-bonding orbital occupancy barely changes. This explains the larger change in the O−O bond length compared with the C−O bond length.
The vibrational modes of the neutral species have been ordered according to the usual numbering scheme appropriate for a C s symmetry molecule (wavenumber descending in a , and then descending in a symmetry). For ease of comparison between the anion and neutral modes, we have adopted the same order for the anion species even though they are all of a symmetry. In any event, the mode description for each mode is provided in the table. We note that the increased O−O bond length in the anion species is reflected in a reduction of the frequency of the O−O stretching mode, ν 6 , from 945 cm −1 to 776 cm −1 , similarly the C−O bond length increase leads to a reduction in vibrational frequency of modes ν 3 and ν 4 . The CH 2 wagging mode has also decreased in frequency in the anion species.
3.2 W3-F12 heat of formation and electron affinity of the Criegee intermediate lence CCSD(T) components which are closer to the basis set limit in W2-F12 theory (Table S2 of the Supporting Information). The reminder of the difference comes mostly from our better geometry and ZPVE and from the DBOC contribution, which is not included in the W1 values. We now turn our attention to the post-CCSD(T) contributions to the TAE. Table S3  Table S3 of the Supporting Information provides a number of a priori diagnostics for the importance of nondynamical correlation effects, namely the percentage of the total atomisation energy accounted for by the SCF and (T) triples contributions from W3-F12 theory 29, 36 (as well as the coupled cluster T 1 and D 1 diagnostics).
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The CH 2 OO neutral and anion species considered in the present study exhibit mild-to-moderate nondynamical correlation effects; 53 % to 55 % of the atomisation energy is accounted for at the SCF level, and 3.8 % to 4.6 % by the (T) triples. The T 1 diagnostics of above 0.02 (namely, 0.034 to 0.045) and D 1 diagnostics of above 0.05 (0.122 to 0.176) also indicate that post-CCSD(T) excitations may have nontrivial contributions. The generally good performance of the CCSD(T)/CBS level of theory in computational thermochemistry can typically be attributed to the large degree of cancellation between higher-order triples contributions, T 3 -(T), and post-CCSDT contributions. For systems dominated by dynamical correlation, these contributions are of similar magnitudes, however, the T 3 -(T) excitations tend to universally decrease the atomisation energies whereas the post-CCSDT excitations tend to universally increase the atomisation energies. In this regard, we find that for the CH 2 OO -anion there is a significant degree of cancellation between the T 3 -(T) contribution (−2.7 kJ mol −1 ) and the (Q) contribution (4.5 kJ mol −1 ). Resulting in a post-CCSD(T) contribution of 1.8 kJ mol −1 . However, for the Criegee intermediate there is significantly poorer cancellation between the T 3 -(T) (−3.4 kJ mol −1 ) and (Q) contributions (9.8 kJ mol −1 ). Therefore, the post-CCSD(T) contributions increase the atomisation energy of CH 2 OO by as much as 6.4 kJ mol −1 . We note that the inclusion of higher-order quadruple contributions, T 4 -(Q), is likely to reduce the magnitude of the connected quadruple excitations, and therefore our CCSDT(Q)/CBS values should be regarded as upper limits of the TAEs. 
Stability of CH 2 OO -with respect to dissociation
In order to determine the stability of the Criegee anion species we modelled the reaction profile for dissociation to the products formaldehyde and oxide. This was achieved by optimising the geometry of the transition state (TS) linking the reactant CH 2 OO -and the products CH 2 O and O -species. The W3-F12 procedure was applied to the TS, anion, and products with the results shown in Figure 2 . It is clear that an appreciable barrier to dissociation exists of 16.5 kJ mol −1 , and therefore should a synthetic route to the anion be found it is likely that it should survive long enough for interrogation. 
Predicted anion photoelectron spectrum of CH 2 OO -
Armed with the CCSD(T)/A VQZ geometries, vibrational frequencies, and normal mode vectors, we are in a position to predict the form of the anion photoelectron spectrum. Therefore the ezSpectrum 3.0 code was employed to simulate the vibronic transitions at a temperature of 10 K, which is appropriate for species entrained in a molecular beam produced via supersonic expansion. Up to 10 quanta were allowed in each excited state vibrational mode (i.e. the modes of the neutral CH 2 OO species). In Figure 3 , a stick spectrum is presented which is the result of applying the ezSpectrum code with the Duschinsky approach. We also performed simulations using the parallel mode approximation, however, the differences between the forms of the two predicted spectra were insignificant and do not warrant further discussion. The grey part of the spectrum marks the combination bands, whereas the red part represents the pure progressions; together they form the fully predicted spectrum. Data pertaining to this spectrum, including predicted line positions, intensities, Franck-Condon Factors, and assignments, are provided in the supplementary information (Table S5 and Table S6 ) accompanying this Letter. The majority of the pure progressions (marked red in Figure 3 ) are for the modes ν 6 and ν 8 which correspond to the O−O stretching and CH 2 wagging modes respectively. The fact that these two modes display the longest progressions is consistent with the geometry changes observed between the anion and neutral species. Referring to the data in Table 1 Again, a full list of line positions including assignments is provided in the supplemen- tary material. To provide a clearer picture of what an experimental spectrum might look like, we convoluted the line spectrum with a Gaussian response function whose full width at half maximum was set to 0.002 eV and the resulting simulated spectrum is shown in Figure 4 . We believe that this is appropriate as this resolution is achievable by the state-of-the-art anion photoelectron spectrometers in use today.
As a final note, when considering the mass selected photoelectron spectrum of the CH 2 OO -anion one cannot discount the possibility that a van der Waals complex of the form O -· · · CH 2 O may also be synthesised in addition to the covalently bound CH 2 OO -anion. This possibility needs to be taken into account, however, fortuitously the ionisation energy of the O -anion is a great deal larger than for CH 2 OO -, with the most recent determination of the electron affinity of the O neutral being 1.439 157 eV. 60 The O -· · · CH 2 O species should be essentially a perturbed O -anion, due to the weak interaction in a van Der Waals species, and in addition the electron binding energy of the anion generally increases upon formation of a van der Waals complex. Therefore, the Criegee anion can be preferentially targeted by selecting a photodetachment photon energy below 1.4 eV. 
Summary
In summary, we have shown that the CH 2 OO -anion with an analogous structure to the neutral Criegee intermediate exists. The anion is stable with respect to dissociation of the O−O bond, with a barrier of 16.5 kJ mol −1 , and the electron is bound by 0.567 eV. The major geometric differences between the anion and neutral are in the increased O−O bond length, and the movement of the terminal hydrogen atoms into the plane formed by the C−O−O atoms. Progressions involving both of these modes are prominent in the predicted photoelectron spectrum. 
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